Molecular Dynamics simulations are used to study cross-linking of an epoxy polymer. OPLS force field parameters are used for modeling a 2:1 stoichiometric mixture of epoxy resin and the cross-linking agent. The model has 17,928 united atoms and a static cross-linking method is used along with molecular minimization and molecular dynamics techniques to achieve two different cross-link densities. The crosslinked models can be used for understanding various phenomenon occurring in cross-linked epoxy resins at the atomic scale. Glass-transition temperature ranges of two differently cross-linked samples have been predicted using the models. These models will be used for studying aging behavior at the atomic level in epoxy materials and understanding the influence of aging on mechanical properties.
Their model was used to study the diffusion of water in cross-linked networks. An iterative Molecular Dynamics (MD)/Molecular Minimization (MM) procedure was used to cross-link an epoxy resin (DGEBA), with one crosslink established per iteration. Other computational studies 17, 6 involving cross-linking of epoxies have been performed. All of the studies discussed thus far were performed on relatively small model systems (less than 2200 atoms). Heine et al. 7 simulated large PDMS networks using a dynamic cross-linking approach and Varshney et al.
14 used Heine's dynamic cross-linking approach and Xu's MD/MM concept 4 to cross-link EPON862 with DETDA. Varshney et al. 14 modeled two different systems having molecules of EPON and DETDA in the ratios of 128:64 (EPON: DETDA) and 256:128. Although dynamic approaches to establishing crosslinks may provide a more realistic physical understanding of the crosslinking process than static crosslinking, it is more difficult to control the ultimate cross-link density of a molecular model using dynamic approaches. Therefore, a multi-step static approach to crosslinking large molecular models of epoxy is necessary to efficiently establish such models for parametric studies involving multiple, pre-defined cross-link densities.
B. Objective
The objective of this study was to establish a method of statically cross-linking large systems of EPON 862 and DETDA molecules having a molecular ratio of 432:216. In this method, the MD/MM techniques used by Varshney et al. 14 for establishing an EPON-DETDA modeled structure with a 2:1 molecular ratio was coupled with the static cross-linking method described by Yarovsky and Evans. 15 A description of the modeling procedure for a monomer solution is followed by a description of the cross-linking mechanism. Finally, constant pressure and temperature simulations were run on two models with different cross-link densities for determining the glass-transition regions and the results were found to agree with results reported in the literature.
II. Modeling

A. Modeling EPON-DETDA structure having 16:8 stoichiometric ratio
The initial structure consists of the EPON-862 monomer (Di-glycidyl ether of Bisphenol-F) and the cross-linking agent DETDA (Diethylene Toluene Diamine). EPON-862 is produced by Hexion Chemicals Inc. The molecules of EPON-862 and DETDA are shown in Figure 1 . A stoichiometric mixture (2:1 ratio) of 2 molecules of EPON-862 and 1 molecule of DETDA was modeled first using the LAMMPS (Large Scale Atomic/Molecular Massively Parallel Simulator) simulation program. 18 The initial atomic coordinates were written in a coordinate file in the native LAMMPS format and the OPLS United Atom force field [19] [20] [21] was used for defining the bond, angle, and dihedral parameters. The non-bonded van der Waals interactions were modeled using the 12-6 Lennard-Jones potential. By using this particular OPLS United Atom force field, all CH 3 , CH 2 , and CH groups were modeled as single united atoms with their corresponding masses. The Carbon and Hydrogen atoms of the two benzene rings present in one EPON-862 molecule were considered as single atoms only. Similarly for the DETDA molecule, the Carbon and Hydrogen atoms of the benzene ring and the Nitrogen and Hydrogen atoms present in the amine groups were considered as single atoms only. In the DETDA molecule, the alkyl groups attached to the benzene rings were considered as united atoms. Thus in a 2:1 structure the number of atoms were reduced from 116 atoms to 83 atoms with the use of united atoms. The initial 2:1 structure was formed in a 10×10×10 Angstrom simulation box with periodic boundary conditions. This structure was subjected to four molecular mechanics (MM) minimizations and three MD simulations in order to minimize internal forces (thus reduce internal residual stresses) resulting from the construction of bonds, bond angles, and bond dihedrals. After reaching a relatively low energy value, this structure was replicated to form eight more structures within the simulation box so that a 16:8 molecular mixture of EPON and DETDA monomers was established. A slow stress relaxation procedure was performed over a cycle of 20 MM and 10 MD simulations. All MD simulations were conducted in the NVT (constant volume and temperature) ensemble for 100 picoseconds at 600 K. The NVT ensemble made use of the Nose/Hoover thermostat and barostat for temperature and pressure control, respectively. 22 After every cycle of MD and MM, the box size was reduced by a small amount. After all minimization and MD runs, a specific gravity of 1.213 was achieved. The final pressure value of the last minimization was less than 1 atmosphere which indicated that the structure had almost no residual stress. This equilibrated structure was used for the subsequent cross-linking step.
B. Force Field
The OPLS United Atom force field was developed by Jorgensen and co-workers. 23, 19, 21 In this force field, the total energy of a molecular system is a sum of all the individual energies associated with bond, angle, dihedral, and 12-6 Lennard-Jones interactions. The equilibrium spacing parameter  of the Lennard-Jones potential was taken to be the arithmetic mean of the individual parameters of the respective atom types while the well depth parameter  was taken to be the geometric mean of the values of the respective atom types. The bond energy is given as 2 ( )
where r K is a force constant, r is the distance between the two atoms considered, and 0 r is the equilibrium bond distance. The energy associated with bond-angle bending is
where K  is a force constant,  is the bond angle, and 0  is the equilibrium bond angle. The dihedral potential is given by
V , and 4 V are coefficients in the Fourier series 19, 20 and  is the dihedral angle.
C. Cross-Linking Procedure
The equilibrated structure of the 16:8 model was statically cross-linked based on the root mean square (RMS) distance between the Nitrogen atoms of DETDA and CH 2 groups of the EPON molecules. 14 Simultaneous breaking of CH 2 -O bonds in the epoxide ends of the EPON molecules and N-H bonds of the DETDA molecules made the activated CH 2 ends capable of forming cross-links with activated N atoms of the DETDA molecules. A particular activated N could form a cross-link with the activated CH 2 of any adjacent EPON molecule within a cutoff distance. Figures 2 and 3 demonstrate the cross-linking process. Three assumptions were made for the cross-linking process: 1) Both primary amines in DETDA were assumed to have the same reactivity
2) The CH 2 -O and N-H bonds were broken simultaneously (Figure 2) 3) A Nitrogen atom was partially activated when it had only one activated CH 2 within a defined cutoff distance.
The starting point of the cross-linking reaction is shown in Figure 2 where the lone pair of electrons from the N atom of NH 2 end of one DETDA molecule attacks the carbon atoms close to it and oxygen attains a negative charge by breaking the C-O bond. The N forms a bond with the C and attains a positive charge and by this way, the neutrality of the EPON-DETDA system is maintained. Cross-links were formed by computing all RMS distances between each N atom and the CH 2 united atoms within the defined cutoff distance. The cutoff distance was defined as the maximum RMS distance that was chosen to find all possible CH 2 -N pairs. The CH 2 radicals located outside the cut-off distance of a particular NH 2 group were not cross-linked to that particular group. In the next step, the H + ions were formed by breaking NH 2 bonds and were reacted with the O -atoms of the broken epoxide ends. This bond formation was also performed based on the closest RMS distances between the O -and H + atoms. The second step of the cross-linking reaction is shown in Figure 3 . Two different cross-linked structures were formed for a range of cutoff distances. 
D. Modeling EPON-DETDA structure having 432:216 stoichiometric ratio
After cross-linking, new bond, angle, and dihedral parameters were defined in the structure. The cross-linked 16:8 models were equilibrated by performing one cycle of two minimizations and one MD run alternately to remove the residual stresses generated during the formation of the cross-links. The MD runs were NVT simulations for 100 picoseconds at 500K. The equilibrated, cross-linked 16:8 models were oriented and translated into 27 more structures and these structures formed large systems that were a 3×33 array of 16:8 structures. The large systems had 432 molecules of EPON and 216 molecules of DETDA. For two different defined cutoff distances (thus two different cross-link densities), the 16:8 models had differences in the number of bonds, angles, and dihedrals. In one 16:8 structure, 32 possible cross-linking sites exist. The crosslink density of the polymer was defined as the total number of these sites that were crosslinked. For example, a specimen having 16 out of 32 cross-links was defined as having a 50% cross-link density. Each of these two samples had 17,928 united atoms while the number of modeled individual atoms in each chemical structure was 25,272. At this point it is important to note the advantage of modeling united atoms instead of individual atoms. Simulations can be performed more efficiently when fewer atoms are modeled. The models having a 432:216 stoichiometric ratio of EPON and DETDA chains were further equilibrated using MD and MM techniques with continuous shrinking of the volume until the models reached densities close to 1.2 gm/cc. Around 30 minimizations and 12 NVT simulations were required for the equilibration of each individual 432:216 EPON-DETDA model. These models were further cross-linked based on RMS cutoff distances. The 27 structures, each consisting of 16:8 ratio of resin and hardener chains, were cross-linked with one another, thus increasing the cross-link densities further. The 50% cross-linked structure had a 54% cross-link density after this step and the 72% cross-linked structure increased to 76%. After this additional process of cross-linking, the structures were further equilibrated at the same volume with two NVT simulations at 500K and 300K with inbetween minimizations. After equilibration, 21 NPT (constant temperature and constant pressure) simulations were run for 400 picoseconds at temperatures from -23 o C (250K) to 227 o C (500K) at 12.5 degree intervals at a pressure of 1 atm. These simulations were used to study the density changes with respect to temperature. The results of these simulations are discussed in the next section.
III. Results
Using the results of the NPT simulation, density versus temperature curves were plotted as shown in Fig. 5 for the 54% cross-linked and 76% cross-linked systems. Data from the final 350 picoseconds of each NPT simulation were used to establish the data points in the graph to eliminate the effects of molecular relaxation and initial oscillation of the temperature and pressure around the set values. The density-temperature curves showed a characteristic change in slope in the glass-transition temperature (T g ) region. The glass-transition temperature marks the point in which decreases in temperature no longer result in significant decreases in free volume in the polymer structure. Since the transition does not take place suddenly, the glass-transition temperature (T g ) is usually assumed to occur over a finite range of temperatures. For the 54% cross-linked structure, the T g was found to be in the range of 80 o C to 100 o C and intersection of the trendlines suggested T g was roughly around 88 o C. For the 76% cross-linked structure, the T g was found to be in the range of 90 o C to 110 o C and the intersection of the trendlines suggested a value of 97 o C. The results were found to be consistent with those reported by Varshney et al. 14 and Fan et al. 6 Varshney et al. predicted a T g for the same EPON-DETDA system at 105 o C, though the corresponding cross-link density was not given. Fan et al. found the T g for a 100% cross-linked EPON-DETDA system to be 109 o C, but their model contained only 628 atoms. As expected, the T g for the 76% cross-linked structure is larger than that of the 54% cross-linked system. The reason for this increase in T g is likely due to the presence of more number of covalent bonds present in the 76% cross-linked model due to the higher degree of cross-linking. Higher temperatures are needed to increase atomic vibrations and deform the extra covalent bonds, angles, and dihedrals associated with these cross-links. As a result, there is more resistance to increases in free volume as the temperature increases for increased levels of cross-linking. Analysis of the curves also shows that for the 76% cross-linked structure, the density changed from 1.12 gm/cc to 1.03 gm/cc over a temperature range of 250 degrees. While, for the 54% crosslinked system, density changed from 1.14 gm/cc to 0.99 gm/cc over the same temperature range. This is also likely due to the difference in the number of covalent bonds present in the two structures. The 54% cross-linked structure has less covalent bonds and higher number of free chains that are mobile within the polymer structure. The 76% cross-linked structure has chains that are more constrained than the 54% cross-linked structure. Therefore, at high temperatures, the 54% cross-linked model can occupy a higher volume than the 76% cross-linked model. 
